Abstract: The self regulating feature of a Self Excited Induction Generator (SEIG) by connecting additional capacitors is examined. The system consisting of both shunt and series capacitors has been analyzed. A methodology has been explained to choose appropriate set of values of these capacitors for desired voltage regulation. Performance of short and long shunt configurations has been compared which shows the superiority of the short shunt connection.
INTRODUCTION
Capacitor self excitation of induction machine is now a well known phenomenon which has been researched in depth [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . If an appropriate capacitor bank is connected across the terminals of an externally driven! induction machine, a voltage is developed across its terminals. The residual magnetism in the rotor initiates voltage build-up which is augmented by the capacitor current to cause a continuous rise in voltage. A steady state voltage results due to the magnetic saturation which balances the capacitor and the machine voltage.
Over the years, the authors have been engaged in investigation related to analysis, design and control aspects of SEIG with a view 94 WM 117-2 EC A paper recommended and approved by the IEEE Electric Machinery Committee of the IEEE Power Engineering Society for presentation at the IEEE/PES 1994 Winter Meeting, New York, January 30 -February 3, 1994. Manuscript submitted August 10, 1992 ; made available for printing December 13, 1993. to evolve viable standby/autonomous power generating units driven by oil engines, micro hydro turbines and wind turbines [7,9,12,13,15 -18] . Brushless rotor construction, lower unit cost, absence of a separate dc source, better stability and self protection under fault conditions are the major reasons for preferring SEIG over conventional alternator in such generating units. But poor voltage regulation of SEIG even at regulated speeds has been a major bottleneck in its application. Steady increase in capacitor VAR with load has to be achieved to maintain good voltage regulation [1] [2] [3] [4] [5] [6] [7] [8] . Several voltage regulating schemes have been tried to achieve this aim [3] [4] [5] [6] 9, 10, 13, 16, 18] Based on the work reported so far, it was felt necessary not only to develop analytical techniques to predict the performance of short shunt SEIG, but also to evolve a methodology to select the most appropriate pair of capacitors. An ideal combination of shunt and series capacitors is the one for which the load voltage can be maintained within acceptable limits from no load to full load power output.
The study would involve modelling, computer simulation, analysis, identification of constraints and estimation of desired parameters. Further, comparison of SEIG performance under short and long shunt configuration to assess their relative merits and demerits is also desired.
In this paper a simple and general mathematical formulation for short shunt configuration has been presented. From the equivalent circuit parameters a method to evaluate the performance characteristics has been explained.
A simple methodology has been proposed for the selection of suitable values of capacitors to obtain minimum regulation. The effect of capacitors on performance quantities like winding current and machine voltage has been discussed so as to evolve guidelines for designing the system. A series of tests have been performed and relevant experimental results are presented along with theoretical ones. It is shown that once the mathematical foundation is laid and the methodology is understood the design of a self-regulating SEIG becomes relatively simple. The study is extended to long shunt configuration and the two configurations are compared.
THEORY
The present study uses the standard steady state equivalent circuit of the SEIG with the usual assumptions [7, 12, 16] , considering the variation of magnetizing reactance with saturation as the basis for calculation. The equivalent circuit of SEIG with capacitors connected in short shunt configuration is shown in Fig. 2 
(a).
where R s' R r
x m x ch = per phase stator and rotor resistance = per phase stator and rotor leakage reactance = magnetizing reactance = per phase capacitive reactance of the Where Kj_ and K 2 are constants dependent on the design and material of the machine.
For the purpose of obtaining the required operating point for the given values of X ch and X ce , the only unknown parameters for a given speed and load are X m and F. To evaluate these parameters the loop equation for the current (I s ) can be written as
where shunt capacitor, C sh (3) and SELECTION PHILOSOPHY OF ELEMENTS
Since under steady state operation of SEIG, I s cannot be zero, (5) This equation after separation into real and imaginary parts, can be rearranged into the following two nonlinear equations which are functions of Xj, and F; denoted as J(X ffl ,F) and $(X m ,F).
When the SEIG is operating under no load condition, there will not be any current through the series capacitor (C se ) and only shunt capacitor (C sn ) will be effective in the circuit. Therefore, effect of C sh is reflected on the no load performance of the SEIG. But when loaded, both shunt and series capacitors will be effective. Hence, proper value of these elements can be chosen by first studying the variation of no load terminal voltage with C sn . Having chosen a suitable value for C sn from this curve, the influence of C se can be studied by observing the effect of C se on voltage regulation of the SEIG. These two equations can be solved using any of the suitable numerical techniques to obtain the values of X m and F. In the present paper Newton -Raphson method [7] has been employed to solve these equations.
After obtaining X m and F by choosing suitable initial values, V g can be computed from equation (1) . Then the following relationships can be used to compute the generator performance at a particular load and speed:
RESULTS AND DISCUSSION
A standard three phase induction machine with the specifications detailed in Appendix-II has been considered for the present study.
Selection of Shunt Capacitance:
The variation of no load terminal voltage V mo with shunt capacitance (C sn ) is shown in Fig. 3(a) . It is seen that V mo increases with C sn . Appropriate value of shunt capacitance can be chosen depending on the maximum permissible voltage across the machine terminals and the voltage requirements on part loads. As a first approximation, value of C sn (16.7 /*.F) corresponding to no load terminal voltage equal to rated value (1.0 p.u.) has been considered. 
No load voltage, Vm0 (p.u.) Here the voltage regulation is defined as the percentage change in the load voltage as the generator delivers power from zero to rated value. Usually variation of terminal voltage with load is permitted within a specified band.
Taking the permissible voltage variation of ±6%, the range of C se for this band is shown in the figure. Hence, a range of C se (30-70 MF) is available for the selection. It reveals that there is a distinct minimum value of voltage regulation, the corresponding value of C se is the best value as far as full load voltage regulation is concerned. Further, a close agreement between computed and experimented results can be noted.
Effect of C se on V m and I_ s :
It is seen that once the mathematical equations are formulated, selection of proper values of capacitive elements of short shunt SEIG for minimum regulation becomes very simple based on the procedure already explained. Having identified this method for the selection of capacitors, it is important to see how best this selection is, as far as the other relevant performance indices of the machine are concerned.
An important criterion is that the machine should deliver needed power at desired voltage levels without exceeding the permissible electrical and magnetic loading.
The Figure 4(c) shows the variation of winding currents with output power. It is seen that for lower value of the power capability of the SEIG reduces since at rated winding current it can deliver less than rated power, needing the machine to be derated. Where as in the case of higher C se the power capability of the SEIG increases at Output Power (p.u.) Fig.4(a However, with the value of C se (45 j^F) chosen from the proposed analysis, performance of the machine is not so much constrained. Figure 5 shows various characteristics of the short shunt SEIG for the chosen values of the capacitor elements. It is seen that at rated current, the output of the generator is more than the rated value. V ce is the voltage across series capacitor which increases almost linearly with load. For the selected pair of c sh and c se
Lt is seen that the full load voltage regulation is as low as 2%. For these values of capacitors, the generator can be loaded up to 107% of the rated power with the winding current less than the rated value. This overload capability enhances the robustness of the SEIG. The voltage across the machine terminals has been found to be only 8% above the rated value at rated power output. This over voltage is not considered as a matter of serious concern, as it is within acceptable range for normal machines. Machine can however be designed to withstand such a over voltage. The low value of voltage regulation makes the SEIG attractive when compared with synchronous generator, which is not only expensive but also has complex control circuits. Long shunt configuration is yet another way of improving voltage regulation of SEIG, wherein series capacitors are located between the machine terminals and the shunt capacitors. The theory described for short shunt SEIG is similarly applicable for this configuration also.
Experiments carried out on short shunt SEIG were repeated for long shunt SEIG. A set of predicted and experimental results for long shunt SEIG is shown in Figure 7 . Approximate values of capacitors for this particular configuration can be obtained from the graphical method as suggested by Bim etal [14] .
It is seen that like short shunt SEIG long shunt SEIG is also self regulating in nature. A low voltage regulation of 6% is obtained for the values of the capacitor elements. To achieve this voltage regulation series capacitor of 100 f*-F is required. This value of series capacitor is more than twice that required in short shunt configuration. This involves additional expenditure. Further, the series capacitors need to be rated for higher current, as they carry machine line current, where as in short shunt configuration they carry only load current. It is also seen that the machine terminal voltage remains at considerably higher values over the whole operating range.
It is thus concluded that short shunt configuration is superior compared to long shunt, both in terms of economy and performance of the SEIG system. 
